Neutrophils are required for the development of arthritis in rodents, and are the predominant cell in the synovial fluid of active rheumatoid arthritis. We hypothesized that neutrophil migration into the inflammed joint is genetically regulated. In addition, this genetic regulation would be accounted for by one of the arthritis loci that we have previously identified in an intercross between arthritis-susceptible DA and arthritis-resistant ACI rats studied for collagen-induced arthritis. We used the synovial-like air pouch model injected with carrageenan, and tested DA, ACI, and four congenic strains. ACI exudates had a significantly lower number of neutrophils compared with DA. Transfer of DA alleles at Cia7 into the ACI background, as in ACI.DA(Cia7) congenics, was enough to increase exudate neutrophil numbers to levels identical to DA, and this locus accounted for the difference between parental strains. None of the other congenic intervals explained the differences in exudate neutrophil counts. In conclusion, we have identified a novel function for Cia7, and determined that it regulates neutrophil migration into a synovial-like inflammatory site. Our data revealed no intrinsic defect in neutrophil responses to chemotactic agents, and suggest that Cia7 regulates an as yet unidentified factor central to neutrophil recruitment into inflammed tissues.
Introduction
Neutrophils are detected in large numbers in the synovial fluid of patients with active rheumatoid arthritis (RA), and release reactive oxygen metabolites and proteolytic enzymes that contribute to the joint destructive process. 1 However, while angiogenesis, synovial hyperplasia and lymphocytic infiltrates are present in the preclinical stages of RA in humans 2, 3 and rodents, 4, 5 neutrophils are either absent or present only in low numbers at this stage. Neutrophil migration into the synovial tissue coincides with the onset of clinical disease, 6, 7 and synovial neutrophil counts correlate with disease severity. 6, 7 Furthermore, depletion of neutrophils prevents arthritis in rodents, 6, 8 supporting the critical role of these cells in the onset of clinical disease.
The magnitude of the neutrophilic infiltration of tissues has a significant influence in disease outcome, not only in RA, but also in spondyloarthropathies, 9 other autoimmune and inflammatory diseases such as myocarditis 10 and dermatitis, 11 and bacterial infections 12, 13 and endotoxemia. 14, 15 Therefore, understanding the regulation of neutrophil influx into inflammatory sites has the potential to identify novel targets for therapeutic intervention in RA, other inflammatory and autoimmune diseases, as well as in responses against microbial pathogens.
Several non-major histocompatibility complex (MHC) arthritis severity quantitative trait loci (QTL) were previously identified in a F2 intercross between arthritis-susceptible DA and MHC-identical but arthritisresistant ACI rats, 16, 17 and their arthritis regulatory effect confirmed in DA.ACI(QTL) congenic strains 18, 19 (Brenner et al., unpublished observations) . We postulated that part of the difference in arthritis susceptibility and severity between DA and ACI could be accounted for by differences in the genetic regulation of neutrophil migration into the inflammatory synovial cavity. Furthermore, we hypothesized that the genetic regulation of neutrophil migration into the synovial cavity, and neutrophil activation and function, would be accounted for by the arthritis severity QTL. The synovial-like air pouch model injected with carrageenan was used to test the parental strains DA and ACI, and four QTL-congenic lines.
Results
Increased in vivo neutrophil migration and accumulation in air pouch exudates from DA compared with ACI rats is accounted for by Cia7 Exudates harvested from synovial-like air pouches 6 h after the administration of 1 ml of carrageenan (1% w/v) contained more than 80% neutrophils. DA air pouch exudates had a significantly higher total number of neutrophils compared with ACI (mean7s.e.m. Â 10 6 cells: neutrophils DA ¼ 64.3876.9, ACI ¼ 46.0575.0; P ¼ 0.044, t-test) suggesting a non-MHC genetic component. The presence of DA alleles at Cia7 as in ACI.DA(Cia7) congenics (Figure 1) , was enough to significantly increase the number of neutrophils in the pouch exudates compared with ACI (mean7s.e.m. Â 10 6 cells: neutrophils ACI.DA(Cia7) ¼ 64.3774.6, P ¼ 0.019, t test) bringing the number of neutrophils to nearly identical levels as in DA (Figure 2 ). This observation demonstrates that the Cia7 locus accounts for the differences in cell counts detected between DA and ACI, and contains a gene that regulates neutrophil migration into inflammatory sites.
Although the arthritis-protected DA.ACI(Cia25) and DA.ACI(Cia27) congenic rats ( Figure 1 ) had higher pouch exudate neutrophil counts than the parental strains, cell counts in these two congenics were more similar to DA than to ACI (Figure 2 ). Cell counts in arthritis-protected DA.ACI(Cia10) congenics were not significantly different from DA ( Figure 2) . Therefore, Cia10, Cia25 and Cia27 did not explain the difference in exudates neutrophil counts detected between DA and ACI.
DA and ACI rats have similar peripheral blood total leukocytes, neutrophil and mononuclear cell counts Peripheral blood total leukocyte, monocyte, and lymphocyte counts in naïve DA and ACI rats were not significantly different (median cell counts Â 10 3 cells/ml: total leukocytes DA ¼ 9.7, ACI ¼ 7.6; monocytes DA ¼ 0.1, ACI ¼ 0.2; lymphocytes DA ¼ 6.9, ACI ¼ 4.6). Cia7 regulates neutrophil migration T Laragione et al DA peripheral blood neutrophil counts tended to be higher than ACI, but that difference was neither statistically significance nor reached the magnitude seen in the pouch exudates (median neutrophil counts Â 10 3 cells/ml: DA ¼ 2.6, ACI ¼ 2.0). Therefore, differences in peripheral blood neutrophil counts did not explain the differences in neutrophil migration into the pouch exudates.
Levels of TNFa, IL-6, CINC1, fractalkine and the LTB4/LXA4 ratio were similar in DA and ACI pouch exudates Levels of the cytokines tumor necrosis factor (TNF)a and interleukin (IL)-6 as well as those of the chemoattractant CINC1, and the LTB4/LXA4 ratio in the synovial-like pouch exudates were similar in DA and ACI and did not explain the differences in cell numbers (Figure 3a -d, respectively). Levels of the chemoattractant fractalkine were very low or undetectable in DA and ACI samples (data not shown).
No evidence of defective neutrophil responses to chemotactic factors in ACI rats
It was considered that part of the differential neutrophil migration into a synovial-like inflammatory site, as seen between DA and ACI rats, could be due to intrinsic cellular characteristics and responsiveness to chemoattractants. Specifically, DA rats could have increased cell surface expression of chemokine receptors, or more effective signaling through them, whereas the opposite could be taking place in ACI. Peripheral blood neutrophils from naïve DA and ACI rats were isolated and studied in chemotaxis assays using Boyden chambers. Two well-characterized neutrophil chemoattractants, FMLP and CINC1, were titrated for maximum migration, and optimum concentrations used in the experiments shown in Figure 4 . Neutrophils from both DA and ACI migrated effectively in response to FMLP 5 mM and CINC1 250 ng/ml, compared with control medium (Figure 4) . Migration of ACI-derived neutrophils tended to be higher than DA, but that difference did not reach statistical significance (FMLP: P ¼ 0.073, CINC1: P ¼ 0.639, Mann-Whitney test). Taken together, the chemotaxis data show that neutrophils derived from ACI rats are responsive to both chemoattractants, and do not show reduced or impaired migratory properties. Therefore, differences in neutrophil counts in the pouch exudates were not explained by an intrinsic neutrophil inappropriate or defective responsiveness to chemoattractants.
Sequencing of CCL28 revealed no polymorphisms on coding region or regulatory elements between DA and ACI The three exons, and 2 Kb 5 0 UTR were sequenced using genomic DNA of DA and ACI. No differences were detected. 
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Discussion
In the present study, we considered that part of the difference in arthritis susceptibility and severity between DA and ACI could be accounted for by intrinsic genetic differences in the regulation of neutrophil migration into the inflammatory synovial cavity. We further hypothesized that arthritis severity QTL identified in the DA Â ACI F2 intercross could account for part of the genetic regulation of neutrophil migration into the synovial cavity. In order to test the above hypotheses, we used the synovial-like air pouch model injected with carrageenan, and studied DA, ACI, three DA.ACI(QTL) and one ACI.DA(QTL) lines congenic for intervals known to regulate arthritis severity. DA rats had a significantly higher number of neutrophils migrating in vivo into the synovial-like air pouch exudate, compared with ACI. No differences in mononuclear cell numbers were detected in the exudates (data not shown). The introgression of ACI alleles at the arthritis severity loci Cia10, Cia25 and Cia27 into the DA background, as in DA.ACI(Cia10), DA.ACI(Cia25) and DA.ACI(Cia27) congenics, did not reduce the number of neutrophils in the pouch exudate demonstrating that these loci do not account for the differences between the parental strains. However, the introgression of DA alleles at the arthritis severity locus Cia7 into ACI background, as in ACI.D-A(Cia7), was enough to significantly increase the number of neutrophils in the pouch exudate to levels nearly identical to DA. This observation demonstrates that Cia7 contains a gene involved in the regulation of neutrophil migration into an inflammatory site. This is the first time that an arthritis severity QTL in DA Â ACI congenics is implicated in the regulation of neutrophil migration. Additionally, Cia7 is one of the only three known arthritis QTLs, along with Cia4 and Cia6 identified in DA Â F344 congenics (Laragione et al., in press), found to regulate neutrophil chemotaxis into inflamed tissues.
The numbers of neutrophils in peripheral blood were similar in DA and ACI, thus showing that the difference detected in the exudates was not merely a reflection of blood counts, but instead active migration of cells into an inflammatory site.
Several properties of neutrophils, including their numbers in peripheral blood, [20] [21] [22] migration into inflammed tissues, 20, [23] [24] [25] and certain functional characteristics such as spontaneous apoptosis, 20 phagocytic capacity 22 and cell surface expression of CD11b 26 have been shown to be at least in part genetically regulated, supporting our observations. Neutrophils and their products have been implicated in the pathogenesis and joint destruction of RA 1 and their increased presence in the joint coincides with the onset of clinical arthritis 2, [5] [6] [7] 27 suggesting that neutrophil influx into the joint identifies a key turning point between a preclinical autoimmune process and the full clinical expression of disease. Neutrophils are the predominant cells in the synovial fluid during a RA flare-up, 28 and are required for the development of experimental arthritis. 6, 8, 29 Furthermore, RA patients with Felty's syndrome and neutropenia, have reduced joint disease activity. 30 Taken together, evidence implicates neutrophils in the onset of clinical arthritis and in the regulation of disease activity and severity. Therefore better understanding the factors involved in the regulation of neutrophil influx into the joint has the potential to generate new targets for therapeutic interventions.
The magnitude of the neutrophilic infiltration into tissues has also been correlated with worse outcome in other diseases such as spondyloarthropathies, 9 myocarditis, 10 dermatitis 11 and infections. [12] [13] [14] [15] Therefore, the identification of the gene accounting for Cia7 may have a broad relevance to human disease and therapy.
We considered the possibility that the differences in neutrophil migration into inflammatory sites could be due to intrinsic differences in neutrophil responsiveness to chemotactic stimuli. This possibility was studied in vitro using peripheral blood cells that had not been previously stimulated. Both DA and ACI neutrophils migrated effectively in response to FMLP and CINC1 showing that the difference in neutrophil migration was not related to neutrophil responsiveness, suggesting integrity of the receptor, as well as of signalingassociated pathways and cytoskeleton properties. These findings suggest that differences in exudate neutrophil counts are likely due to differences in an as yet unidentified synovial-like pouch factor(s).
In order to explain the pouch exudate cell count differences we examined the levels of specific cytokines and chemotactic factors known to influence neutrophil chemotaxis. Exudate levels of CINC1, the rat equivalent of GRO1a, and fractalkine, as well as the LTB4/LXA4 ratio were not significantly different between DA and ACI. Levels of TNFa and IL-6 were also similar in DA and ACI. Therefore none of these chemotactic factors seem to account for the differences in exudate neutrophil counts. There are several other known and yet unknown chemotactic factors that could be regulated by genes located within Cia7. One obvious candidate within the Cia7 interval was CCL28. Although we could not find any report implicating or excluding CCL28 in neutrophil chemotaxis, nor could we find a study describing the expression of its receptor CCR10 in neutrophils, we considered CCL28 compelling enough to sequence it. We sequenced coding regions and regulatory elements (2 Kb 5 0 UTR) of both DA and ACI rats. However, no polymorphisms were detected. Cia7 is still a long interval of 117 Mb (169 Mb if one includes the recombination intervals in Figure 1 ) and contains 517 genes, many with yet unknown function. As the critical interval is narrowed in recombinant subcongenics, candidate genes will be studied.
The distal region of Cia7 colocalizes with a Carrageenan-induced inflammation QTL (Cari2) implicated in the regulation of the exudate volume 10 days after the induction in a F344 Â Lewis F2 intercross. 31 However, Cia7 is the first non-MHC arthritis locus specifically implicated in the regulation of neutrophil migration into a synovial-like inflammatory site in DA Â ACI intercross. It is conceivable that the same gene accounts for both loci, and that the exudate volume effect related to Cari2 is secondary to the neutrophilic infiltration mediated by Cia7.
In conclusion, we have determined that the arthritis severity QTL Cia7 regulates neutrophil migration into a synovial-like inflammatory site and is responsible for the difference in neutrophil migration between DA and ACI. It remains unclear how Cia7 operates to regulate neutrophil influx. Our in vivo and in vitro experiments suggest that the difference in migration is not due to Cia7 regulates neutrophil migration T Laragione et al intrinsic neutrophil defects, but is instead mediated an as yet unidentified factor central to neutrophil recruitment into inflammed tissues. The identification of the specific Cia7 gene is anticipated to increase the understanding of pathways regulating the pathogenesis of arthritis and other autoimmune diseases, as well as host responses to infections, and has the potential of generating novel targets for drug development.
Materials and methods
Rats DA and ACI rats were purchased from Harlan (Indianapolis, IN, USA). DA.ACI(Cia10), DA.ACI(Cia25) and DA.ACI(Cia27) homozygous congenics were generated as described previously 18, 19 ( Figure 1) . Briefly, each interval of interest was introgressed from ACI into the DA genetic background through eight to 10 genotypeguided backcrosses followed by at least five intercrosses. Each generation was screened with simple sequence length polymorphism markers at all known arthritis regulatory loci previously identified in studies of DA Â ACI F2 intercross. 16, 17 This strategy selects for the intervals of interest whereas at the same time excluding donor genome contamination at other loci known to regulate arthritis. For ACI.DA(Cia7), DA alleles were introduced into the ACI background according to the method described above (Figure 1) .
All experiments involving animals were reviewed and approved by the Feinstein Institute for Medical Research Institutional Animal Care and Use Committee (IACUC). Animals were housed in a pathogen-free environment, under 12 h light and dark cycles, with free access to food and water.
Air pouch induction
The air pouch model recreates a synovial-like cavity, 32 and is considered a standard model to evaluate acute inflammation following an injection with carrageenan. [33] [34] [35] [36] Air pouches were generated based on previously described methods. [37] [38] [39] Briefly, 8 to 14-week-old females were anesthetized on day 0 and injected with 14 ml of air subcutaneously in the interscapular region to produce a pouch. On day 3, rats were reinjected with 10 ml of air at the same site to boost the pouch. On day 6, 1 ml of carrageenan 1% (w/v) (lambda, Type IV, Sigma, St Louis, MO, USA) diluted in sterile normal saline solution was injected into the air pouch. Six hours after the carrageenan injection rats were euthanized in a CO 2 chamber, and air pouches washed with 6 ml of sterile 2 mM ethylenediaminetetraacetic acid (EDTA) in phosphate-buffered saline (PBS) (without calcium or magnesium). Exudate lavage fluids were collected for analyses.
Air pouch exudates and cell processing Air pouch exudate fluids were centrifuged at 300 g for 7 min. Cell-free exudates were stored at À801C until used. Cell pellets were resuspended in 1 ml of sterile PBS, and contaminating red blood cells lysed with 4 ml of Gey's Solution for 2 min at 41C, followed by the addition of 46 ml of PBS. 40 After centrifugation cells were resuspended in 1 ml PBS, stained with Diff-Quick (Allegiance Cardinal Health, Dublin, OH, USA), and counted on a hemacytometer using an Olympus CKX41 microscope ( Â 40 magnification). Cell viability was determined with Trypan blue staining.
Cytospins
Cytospin-3 slides (Shandon, Pittsburgh, PA, USA) were prepared with 30-100 ml of a suspension containing 2.5 Â 10 6 cells/ml. Slides were stained with Diff-Quick (Allegiance Cardinal Health) and differential counts performed with an Olympus CKX41 microscope ( Â 40 magnification). Four random fields, with a total number of greater than 40 cells were used for the differential cell counts per sample.
ELISAs
Levels of TNFa, IL-6, CINC-1 and fractalkine in the exudates were measured with Quantikine ELISA kits, and level of leukotriene B4 (LTB4) with an immunoassay kit (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions.
Lipoxin A4 (LXA4) levels were measured in the exudates using an ELISA kit (Neogen, Lansing, MI, USA), according to the manufacturer's instructions with minor modifications. Briefly, 200 ml of the exudate was diluted with 200 ml of methanol and 1.5 ml of water for LXA4 extraction. Samples were acidified to pH 3.5 with 1N HCl, and loaded onto C18 Sep-Pak light columns (Waters, Milford, MA, USA) preconditioned with methanol 2 ml and water 2 ml. Loaded columns were washed with 5 ml of water, followed by 5 ml of hexane. LXA4 was eluted with 2 ml of methylformate. Samples were reduced to residue under a stream of dry nitrogen gas and reconstituted with 200 ml of Neogen kit extraction buffer, and used in the ELISA.
Peripheral blood counts
Peripheral blood from naïve 8 to 12-week-old DA and ACI rats was collected by intra-cardiac or retro-orbital puncture into EDTA-containing Microtainer tubes (Becton-Dickinson, Franklin Lakes, NJ, USA) for automated hematological analysis of red blood cell indices and white blood cell total counts and differential (AniLytics, Gaithersburg, MD, USA).
Peripheral blood neutrophil isolation for chemotaxis studies Peripheral blood was obtained from 8 to 14-week-old naïve female rats into heparin-containing tubes for chemotaxis. After gradient separation with Nycoprep (Accurate, Westbury, NY, USA), neutrophils and red blood cells were sedimented with Dextran 5% (Fisher Scientific International Inc., Hampton, NH, USA) for 60 min, and erythrocytes lysed with NaCl 0.2%. Resulting neutrophils were 93% pure and 98-99% viable, as determined by staining of cytospins with Diff-Quick and Trypan blue, respectively. Cells were resuspended at 1 Â 10 6 /ml in Hanks' buffer saline solution.
Chemotaxis assay
Peripheral blood neutrophil migration was assessed in modified Boyden chambers. 41 The two compartments of the 48-well Boyden microchemotaxis chamber (Neuro Probe Inc., Gaithersburg, MD, USA) were separated by a polyvinylpyrrolidone-free polycarbonate filter with a 5 mm pore size (PRB5-50, Neuro Probe Inc). The lower chamber was loaded with 26 ml control medium or chemoattractant. The upper chamber was loaded with Cia7 regulates neutrophil migration T Laragione et al 50 ml of a suspension containing 1.0 Â 10 6 cells/ml in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) with 0.02% bovine serum albumin. The chemotaxis chamber was incubated for 1 h at 371C with 5% CO 2 . Filters were recovered, and the cells on the upper side of the filter were removed by scraping. Cells migrating through the filter (bottom side) were fixed and stained using DiffQuick. Filters were mounted on glass slides and counted using a grid eyepiece (Olympus, Melville, NY, USA), and the number of cells appearing on the lower face of the filter was recorded in four high-power fields for each well. In all 10-60 cells were counted per field. Each experimental condition was assayed in triplicate wells and the data expressed as the mean7s.d. of triplicate wells.
Sequencing of CCL-28
The three exons, and 2 Kb in the 5 0 UTR regions of CCL28 were sequenced using genomic DNA from DA and ACI rats. Primer pairs were designed with Primer 3 software. 42 Sequencing data were analyzed with Lasergene SeqMan software (DNASTAR Inc., Madison, WI, USA).
Statistics
Means (normally distributed data) were analyzed with the Student's t-test, and medians with the non-parametric Mann-Whitney test using SigmaStat 3.0 (SPSS, Chicago, IL, USA).
